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Background:miR1 is a muscle-specific microRNA, however, its role in muscle atrophy is unclear.
Results: Excess dexamethasone and myostatin induced miR1 via glucocorticoid receptor, resulting in reduced HSP70 and
development of muscle atrophy.
Conclusion:miR1 mediates muscle atrophy by regulating the levels of HSP70.
Significance: Given that miR1 has a role in muscle atrophy, its antagonism may be beneficial during atrophy.

High doses of dexamethasone (Dex) or myostatin (Mstn)
induce severe atrophy of skeletal muscle. Here we show a novel
microRNA1 (miR1)-mediated mechanism through which Dex
promotes skeletal muscle atrophy. Using both C2C12myotubes
and mouse models of Dex-induced atrophy we show that Dex
inducesmiR1 expression through glucocorticoid receptor (GR).
We further show that Mstn treatment facilitates GR nuclear
translocation and thereby induces miR1 expression. Inhibition
of miR1 in C2C12 myotubes attenuated the Dex-induced
increase in atrophy-related proteins confirming a role for miR1
in atrophy. Analysis of miR1 targets revealed that HSP70 is reg-
ulated by miR1 during atrophy. Our results demonstrate that
increased miR1 during atrophy reduced HSP70 levels, which
resulted in decreased phosphorylation of AKT, as HSP70 binds
to and protects phosphorylation of AKT. We further show that
loss of pAKT leads to decreased phosphorylation, and thus,
enhanced activation of FOXO3, up-regulation of MuRF1 and
Atrogin-1, and progression of skeletalmuscle atrophy. Based on
these results, we propose a model whereby Dex- and Mstn-me-
diated atrophic signals are integrated throughmiR1, which then
either directly or indirectly, inhibits the proteins involved in
providing protection against atrophy.

Glucocorticoids are used as therapeutic agents due to their
potent anti-inflammatory and immunosuppressive functions
(1). However, high doses and sustained usage of glucocorticoids
result inmuscle atrophy (2). Themolecularmechanisms of glu-
cocorticoid-induced muscle atrophy have been well studied
and two muscle-specific E3 ubiquitin ligases, namely muscle

ring finger protein 1 (MuRF1)3 and Atrogin-1/MAFbx (muscle
atrophy F-box) have been found to play a key role in glucocor-
ticoid-induced atrophy (3–8).MuRF1 andAtrogin-1 have been
shown to ubiquitinate sarcomeric proteins, such as myosin
heavy chain, which are then targeted for degradation through
the ubiquitin proteosome pathway (9, 10). MuRF1 and
Atrogin-1 are transcriptionally activated by FOXO1 and
FOXO3, members of the FOXO family of forkhead transcrip-
tion factors, in skeletal muscle (9, 11).Mechanistically, dephos-
phorylation and thus activation of FOXO1 and FOXO3 results
in their translocation into the nucleus where they transcrip-
tionally activateMuRF1 andAtrogin-1 to induce atrophy. Acti-
vation of the insulin-like growth factor 1/PI3K/AKT pathway
rescues dexamethasone (Dex)-mediated atrophy through
phosphorylating and inactivating FOXO1/FOXO3 (5, 7, 12, 13)
implicating inhibition of this pathway as one of themainmech-
anisms behind Dex-induced atrophy.
Mstn, a member of the transforming growth factor �

(TGF-�) superfamily, has also been shown to block insulin-like
growth factor 1/PI3K/AKT signaling, resulting in enhanced
MuRF1 and Atrogin-1 expression and skeletal muscle atrophy
(14). Furthermore, Dex-mediated atrophy results in a dose-de-
pendent increase in Mstn mRNA and protein expression (15)
and deletion of the Myostatin gene can prevent Dex-induced
muscle wasting (16), suggesting that Dex-mediated muscle
atrophy occurs at least in part through the action of Mstn.
Recently, muscle-specific microRNAs (myomiRs) have been

shown to participate in a multitude of regulatory pathways in
skeletal muscle. Individual microRNAs (miRs) are known to
target many mRNAs that control numerous cellular processes
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(17, 18). A cluster of myomiRs including miR1, miR133, and
miR206 plays a role inmyogenesis andmuscle regeneration (19,
20). Both miR1 and miR133 were found to be down-regulated
in skeletal muscle undergoing hypertrophy and it was proposed
that Igf-1 mRNA may be negatively regulated by miR1 in skel-
etal muscle (21) and cardiac muscle (22). Although it appears
that miR1 has a role in regulating muscle hypertrophy through
IGF-1, little is known about the role of miR1 in skeletal muscle
atrophy.
In this study we present evidence to support that miR1

expression is up-regulated during Dex- and Mstn-induced
muscle atrophy through amechanismmediated via glucocorti-
coid receptor (GR). Through in vitro and in vivo experiments
we further show that Dex-induced up-regulation of miR1
resulted in the targeted loss of heat shock protein 70 (HSP70) in
muscle. Furthermore, our results demonstrate that duringDex-
mediated atrophy, levels of both HSP70 and phosphorylated
AKT in association with each other were reduced, indicative of
the increased dephosphorylation of AKT observed in response
to Dex treatment. Reduced phosphorylation of AKT, in turn,
resulted in dephosphorylation of FOXO3, induction of MuRF1
and Atrogin-1, and skeletal muscle atrophy. Thus, taken
together these data reveal that both Dex andMstn can regulate
the expression and function of genes associated with skeletal
muscle atrophy via miR1.

EXPERIMENTAL PROCEDURES

Animals—Eight-week-old C57Bl/6J male wild type (WT)
mice were obtained from National University of Singapore
Center for Animal Resources, Singapore. Mstn knock-out
(Mstn�/�) mice were originally a gift from Prof. S. J. Lee, Johns
Hopkins University, Baltimore, MD, and were maintained at
the Nanyang Technological University (NTU) animal house,
Singapore. All animals had ad libitum access to chow diet and
water. All experimental procedures were approved by the Insti-
tutional Animal Care andUseCommittee (IACUC), Singapore.
BothMstn�/� and WTmice received subcutaneous injections
of either normal saline (0.9% NaCl) or dexamethasone (ilium,
Troy Laboratories Pty. Ltd., Australia) daily, until �18% body
weight loss was seen in the WT mice. Dex was used at a con-
centration of 5 �g/g body weight. Hind limb muscles were
removed, weighed, and stored at �80 °C for further analysis.
Reagents and Proteins—Conditioned medium containing

Mstn (conditioned Mstn medium; CMM) was obtained from
CHO cells designed to produce and secrete Mstn protein (23).
Conditioned medium was also collected from wild type CHO
cells (conditioned CHO medium) to act as a control for Mstn
treatment experiments. The concentration of Mstn in the
CMM was determined by EIA (Immundiagnostik AG, Ben-
sheim, Germany). The activity of the media has been validated
previously (24, 25). Dex and RU486 were from Sigma and the
HSP70 inhibitor (VER155008) (26) from Tocris Biosciences.
The recombinant Mstn inhibitor, Ant1, was expressed and
purified as described previously (27).
Cell Culture—The C2C12 murine myoblast cell line (28),

obtained from ATCC (American Type Culture Collection,
Manassas, VA), was used in the present study and maintained
as described previously (24). C2C12 cells were passaged in pro-

liferation medium (DMEM containing 10% fetal bovine serum
(FBS) and 1% penicillin and streptomycin) and differentiated in
C2C12 differentiation medium containing DMEM, 2% horse
serum (Invitrogen) and 1% penicillin and streptomycin. The
C2C12 myotubes were differentiated for 72 h and then treated
with CMM or conditioned CHO medium, Dex (100 �M), or
100% ethanol (as a control for Dex treatment experiments),
RU486 (500nM),Ant1 (7�g/ml), orVER155008 (10 and 20�M),
or a combination thereof for 6 and 24 h. To assess the ability of
Dex and VER155008 (HSP70 inhibitor) to induce myotubular
atrophy, C2C12 myoblasts were plated on Thermanox cover-
slips (Nunc, Roskilde,Denmark) at a density of 25,000 cells/cm2

and induced to differentiate under low serum conditions
(DMEM, 2%horse serum). Following 72 h of differentiation, the
myotubes were treated for a further 24 h in differentiation
media with ethanol or Dex and DMSO or VER155008. C2C12
myotubes were then fixed with ethanol:formaldehyde:glacial
acetic acid (20:2:1) and stained with Gill’s hematoxylin and 1%
eosin. The myotube area was assessed microscopically using
the Image-Pro Plus analysis software package (MediaCybernet-
ics, Bethesda, MD), with individual myotube area assessed for
allmyotubes present in 10 random images per coverslip, using 3
coverslips per treatment.
Promoter Sequence Analysis and miR1 Target Prediction—

The miR1 promoter sequence was obtained from the NCBI
genome database. For prediction of the transcription factor
binding sites in the miR1 promoter region, the Transcription
Element Search System (TESS) program was employed. RNA-
hybrid version 2.0 was used for checking complementarity
between the miR1 sequence and 3� untranslated region (UTR)
of the mouse Hsp-70 gene.
Reverse Transcriptase-Quantitative Polymerase Chain Reac-

tion (RT-qPCR)—RNAwas isolated from differentiated C2C12
myotubes and biceps femoris (BF), quadriceps, and tibialis
anterior muscles of mice using TRIzol (Invitrogen). For detec-
tion of primary miR1, cDNA was synthesized using the
iScriptTM cDNA synthesis kit, according to the manufac-
turer’s (Bio-Rad) instructions. For detecting mature miR1, the
miScript RT(II) kit (Qiagen, Hamburg, Germany) was used for
cDNA synthesis. Quantitative analysis of gene expression by
real-time PCR was carried out using the CFX96 (Bio-Rad) sys-
tem. Each real-time PCR (10�l) contained 2�l of cDNA, 5�l of
SsoFast Evagreen (Bio-Rad), and forward and reverse primers
at a final concentration of 2.5 �M. For detection of primary
miR1 (miR1–1) transcript expression the following primers
were used: forward, 5�-AAA CAT ACT TCT TTA TAT GCC
CA-3� and reverse, 5�-TAC ATA CTT CTT TAC ATT CCA
TAG C-3�. Mature miR1 expression was detected using
miScript Primer Assay 218300 (Qiagen, catalog number
MS00005873) and a universal reverse primer. All reactions
were performed using the following thermal cycler conditions:
98 °C for 3 min, followed by 45 cycles of a three-step reaction,
denaturation at 98 °C for 3 s, annealing at 59 °C for 10 s and
extension at 72 °C for 10 s, and final extension at 95 °C for 10 s.
The reaction was followed by a melting curve from 65 to 95 °C
in 5-s increments of 0.5 °C to ensure amplification specificity.
Transcript levels were normalized to the U6 transcript levels.
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Relative fold-change in expression was calculated using the
��Ct method.
Northern Blotting—Northern blotting was performed essen-

tially as described previously (29). miR1 expression was
detected using a DNA oligo complementary to the miR1
mature sequence 5�-TAC ATA CTT CTT TAC ATT CCA-3�.
Protein Isolation—C2C12 myotubes, following the various

treatments, were harvested in protein lysis buffer (50 mM Tris,
pH 7.6, 250 mM NaCl, 5 mM EDTA, 0.1% Igepal-Nonidet P-40
(Fluka, St. Louis, MO)), and Complete protease inhibitor mix-
ture (Roche Diagnostics) to generate protein lysates, as previ-
ously described (14). BF muscles from WT and Mstn�/� mice
injected with Dex or saline were homogenized in protein lysis
buffer and the clear supernatants were collected. These protein
lysates were used for Western blotting analysis. Cytoplasmic
and nuclear fractions fromC2C12myotubes followingDex and
Mstn treatments were isolated as previously described (30).
Western Blot Analysis—Total protein (15–40 �g) was sepa-

rated on 4–12% BisTris polyacrylamide gels (Invitrogen) and
transferred to nitrocellulose membranes by electroblotting.
The membranes were blocked for 1 h at room temperature in
5% nonfat milk in 1� TBS-T, then incubated overnight at 4 °C
with the respective primary antibodies. The list of antibodies
used are: anti-GR (sc-8992), anti-pFOXO3 (sc-101683), anti-
FOXO3 (sc-11351), anti-HSP70 (sc-66048), anti-pAKT1/2/3
(Ser473) (SC-7985-R), anti-AKT1/2/3 (sc-8312), and anti-
MuRF1 (SC-32920) and all were from Santa Cruz Biotechnol-
ogy (CA); anti-Mstn (AF788) from R&D Systems, and anti-
Atrogin1 (PAB15627) from Abnova (Taipei, Taiwan).
Followingwashes and incubationwith the respective secondary
antibodies for 1 h at room temperature, the HRP activity was
detected usingWestern Lightning Plus Chemiluminescent rea-
gent (PerkinElmer Life Sciences). The developed films were
scanned using the GS-800 Calibrated Densitometer (Bio-Rad),
and band density was calculated by Quantity One software.
Immunoprecipitation—Five hundred �g of total protein

from BF muscle of WT mice injected with saline or Dex was
incubated with 2 �g of anti-pAKT antibody (SC-7985-R) over-
night at 4 °C. Protein A-agarose beads (Invitrogen) were then
added and the mixture was incubated for a further 2 h at 4 °C.
The beads were then washed 4 times with cold 1� PBS and the
complexes were eluted. The proteins were denatured by boiling
for 5 min in SDS buffer. Samples were then subjected to SDS-
polyacrylamide gel electrophoresis and Western blotting as
described above.
Electrophoretic Mobility Shift Assay (EMSA)—The biotiny-

lated and cold oligonucleotides (Sigma) containing the gluco-
corticoid response element (GRE) of themousemiR1 promoter
(5�-CCT GCT GAC ACG GAA GAA CTG AAT GTT CTT
TCA GGA GCT-3�) were hybridized to their respective com-
plementary strands. EMSA was performed using the Lightshift
Chemiluminescent EMSA kit (Thermo Scientific-Pierce Bio-
technology) as per the manufacturer’s protocol and as
described previously (24). Membranes were probed with stabi-
lized streptavidin-horseradish peroxidase conjugates and
developed using the Lightshift Chemiluminescent EMSA kit
(Thermo Scientific-Pierce Biotechnology). To confirm the
presence of GR in the complex, nuclear extracts from C2C12

myotubes were preincubated for 20 min at room temperature
with 1 �l of anti-GR antibody (H300) (sc-8992X) before incu-
bation with the labeled probe for another 20 min at room tem-
perature. To confirm binding of the nuclear protein to the
labeled GRE probes, unlabeled primers were added to the reac-
tion mixture to outcompete the labeled GRE oligos.
ChIP Analysis—C2C12 myoblasts were allowed to differen-

tiate for 72 h and then treated with 100 �MDex or ethanol for a
further 24 h. The myotubes were fixed with 1% formaldehyde
and collected for the ChIP experiment. ChIP analysis was done
using GR (H300) antibody from Santa Cruz (SC-8992X) as pre-
viously described (31). The following primers were used for
PCR: GR forward primer, 5�-TGTTTCCACACAGGGACAG-
GGCT-3�; GR reverse primer, 5�-GGCAGTCCCAGCTC-
CTGAAAGAA-3�.
Transfections and Plasmids—Two miR1–1 promoter frag-

ments, encompassing 1730 and 1518 base pairs (bp), respec-
tively, upstream from the transcription start site were PCR
amplified and subsequently directionally cloned into the
pGL3B vector (Promega) using NheI and HindIII. The plasmid
containing the 1730-bp fragment of the miR1–1 promoter
(with the GRE sequence) was designated PC1 and the plasmid
containing the truncated 1518-bp fragment of themiR1–1 pro-
moter (without GRE) was designated PC2.
The GR and miR1 overexpression vectors used in the study

were a kind gift from Dr. S Stoney Simons (NIDDK, National
Institutes of Health) and Prof. T. Akimoto (CDBIM, University
of Tokyo, Japan), respectively. AntagomiR1 (5�-AAA UAC
AUA CUU CUU UAC AUU CCA UAG C-3�) and nonspecific
miR (5�-UCA CAA CCU CCU AGA AAG AGU AGA-3�)
sequences were RNA sequences with 2�-O-methyl modifica-
tions on all bases and were synthesized by Sigma. The mouse
Hsp70 gene 3�UTR sequence showing themiR1 sequence com-
plementarity was cloned into the pMIR reporter vector (Invit-
rogen). Both wild type (3� UTRHsp70WT) andmutated forms
of the HSP70 3� UTR sequence (3� UTR Hsp70 MUT) were
cloned, as mentioned above.
C2C12 myoblasts were transfected with either miR1 expres-

sion vector or empty vector using Lipofectamine 2000 (Invitro-
gen) and allowed to differentiate for 72 h prior to collection in
protein lysis buffer (50 mM Tris, pH 7.6, 250 mM NaCl, 5 mM

EDTA, 0.1% Igepal-Nonidet P-40 (Fluka)).
C2C12 myoblasts were transfected with PC1 and PC2 using

Lipofectamine 2000 (Invitrogen). C2C12 myoblasts were then
differentiated for 72 h, and protein lysates were collected in 1�
passive lysis buffer for luciferase assay. Co-transfection of either
PC1 or PC2 with the GR expression vector was also done as
mentioned above. Luciferase activity was determined using the
GloMax Multidetection system (Promega).
HSP70 overexpression vector (Addgene plasmid 15215,

Cambridge, MA) (32) or empty vector was transfected in
C2C12 myoblasts using Lipofectamine 2000 (Invitrogen). The
myoblasts were differentiated for 72 h and then treated with
100 �M Dex or ethanol for 24 h prior to collection of cells for
protein or RNA.
AntagomiR1 Transfections—C2C12 myoblasts were plated

on Thermanox coverslips (Nunc, Roskilde, Denmark) for myo-
tube size quantification and in 6-well plates for protein and
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RNA analysis, at a density of 25,000 cells/cm2 and induced to
differentiate under low serum conditions (DMEM � 2% horse
serum). Following 72 h of differentiation, the myotubes were
transfected with 200 nM AntagomiR1 (5�-AAA UAC AUA
CUU CUU UAC AUU CCA UAG C-3�) and nonspecific miR
(5�-UCA CAA CCU CCU AGA AAG AGU AGA-3�) oligos
with 2�-O-methylmodifications on all bases and synthesized by
Sigma. Transfections were done using Lipofectamine 2000
according to the manufacturer’s protocol, and 6 h after the
transfection, medium was replaced with differentiation
medium. The cells were treated with either 100 �M Dex or
ethanol for 24 h and collected for RNA or protein. Formyotube
size quantification, C2C12 myotubes were fixed with ethanol:
formaldehyde:glacial acetic acid (20:2:1) after 24 h of Dex treat-
ment of the transfected myotubes. The cells were stained with
Gill’s hematoxylin and 1% eosin.Myotube area was assessed for
all myotubes present in 10 random images in triplicate by the
Image-Pro Plus analysis software package (MediaCybernetics).
Statistical Analysis—Experimental replicates are mentioned

in relevant figure legends. Transfections were performed at
least three times, each in triplicate. Statistical analysis was per-

formed using one-way analysis of variance and Student’s t test.
p values ofp� 0.05 (*)were considered as significant. Error bars
are expressed as mean � S.E.

RESULTS

miR1Expression Is Increased during inVitro and inVivo Skel-
etal Muscle Atrophy—miR1 is encoded by two different
genes, miR1–1 and miR1–2, on different mouse chromo-
somes. We have concentrated our studies onmiR1–1, which
is located on chromosome 2 in a cluster with miR133a2 and
contributes to the levels of mature miR1. In this article, we
will be using the terms “miR1–1” and “miR1” to refer to
primary and mature miR1 forms, respectively. Although the
expression level of miR1 was found to be altered during load-
induced hypertrophy (21), its role in muscular atrophy is
currently not known. Therefore we queried if miR1 expres-
sion is altered in differentiated C2C12 myotubes undergoing
skeletal muscle atrophy induced through treatment with
Dex andMstn. Subsequent real-time PCR and Northern blot
revealed an increase in the expression of the primary (Fig.
1A) and mature forms (Fig. 1B) of miR1, respectively, at 6-

FIGURE 1. Dex up-regulates miR1 in C2C12 myotubes and mouse skeletal muscle. A, real time qPCR analysis of miR1–1 primary transcript expression in
control (Ethanol) and Dex-treated C2C12 myotubes at 6- and 24-h time points. Relative gene expression was normalized to U6 RNA expression. The graphs
depict fold-differences relative to controls at each time point. Values are mean � S.E. (n 	 3); **, p � 0.01. B, Northern blot analysis of miR1 in control (Ethanol)
and Dex-treated C2C12 myotubes at 6- and 24-h time points. The expression of U6 was measured as a loading control. C, real time qPCR analysis of miR1–1
primary transcript expression in BF, quadriceps, and tibialis anterior muscle from saline- and Dex-injected wild type mice. Relative gene expression analysis was
performed using the ��Ct method and was normalized to U6 RNA expression. Values are mean � S.E. (n 	 3) and are expressed as the fold-difference relative
to saline control; **, p � 0.01.
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and 24-h time points of Dex treatment. Consistent with the
in vitro results, the expression of miR1–1 was also increased
in hind limb muscles, BF, quadriceps, and tibialis anterior
(Fig. 1C), collected from mice injected with Dex, when com-
pared with saline-injected controls.
miR1–1 Expression Is Regulated byMstn andGR during Dex-

mediated Atrophy—After observing an increase in miR1–1
expression during atrophy, we next wanted to investigate
how miR1–1 expression may be regulated during atrophy.
Unpublished data4 from our lab indicated that Mstn levels
were up-regulated in C2C12 myotubes undergoing Dex-me-
diated atrophy. Therefore, we asked if Mstn plays a role in
the regulation of miR1 during Dex-induced atrophy. Mstn
levels were analyzed by Western blotting of protein lysates
from C2C12 myotubes treated with Dex. The results indi-
cated a significant increase in Mstn levels in response to Dex
treatment (Fig. 2A). Next, C2C12 myotubes were treated
with CMM (24, 25) and the expression of miR1 was deter-
mined by real time PCR. Our results revealed that miR1
expression was up-regulated in C2C12 myotubes treated
with CMM (Fig. 2B), supporting a role of Mstn in miR1 reg-
ulation. To confirm whether or not Mstn was involved in
Dex-mediated up-regulation of miR1, we determined miR1
expression in BF muscle isolated from wild type and
Mstn�/� mice treated with Dex. Subsequent Northern blot
analysis showed that the increase in miR1 expression was
significantly ablated in Mstn�/� muscle treated with Dex
(Fig. 2, C and D). Furthermore, when Mstn signaling was
inhibited in Dex-treated C2C12 myotubes, through addition
of theMstn-specific antagonist Ant1 (27), we also observed a
significant reduction in miR1–1 expression, when compared
with myotubes treated with Dex alone (Fig. 2E). These data
suggest that Dex may signal via Mstn to induce miR1 expres-
sion during skeletal muscle atrophy.
Because Dex is a synthetic glucocorticoid it signals by

binding to the GR, which then translocates into the nucleus
to regulate the expression of target genes. Our results show
that nuclear translocation of GR increased in C2C12 myo-
tubes after 6 h of Dex treatment (Fig. 2F), corresponding
with the increased miR1–1 observed at the same time point
(Fig. 1A). To further understand the miR1–1 transcriptional
regulation, we analyzed the upstream promoter sequence of
miR1–1 and identified a putative GRE in themiR1 upstream
regulatory sequence (Fig. 2G). To ascertain whether or not
the GREwas important formiR1–1 regulation duringmuscle
atrophy we generated amiR1–1 promoter reporter construct
containing the GRE binding element (PC1) and a truncated
construct where the GRE was removed (PC2) (Fig. 2G). It has
been previously shown that miR1 is up-regulated during dif-
ferentiation (19). Therefore, activity of the miR1–1 pro-
moter construct (PC1) was tested by transfecting it in C2C12
myoblasts and analyzing the luciferase activity of the pro-
moter at different time points during differentiation. The
luciferase activity of PC1 gradually increased at 6-, 24-, 48-,

and 72-h time points during differentiation (Fig. 2H) as com-
pared with pGL3b.
To determine GR-mediated regulation ofmiR1–1 promoter,

C2C12 cells were transfected with PC1 or PC2 and GR expres-
sion vector and the respective control plasmids. A dramatic
increase in promoter-luciferase activity was observed in 72-h
differentiated myoblasts that were co-transfected with the PC1
and GR expression vector, when compared with 72-h differen-
tiated PC2- and pGL3b-transfected myoblasts (Fig. 2I). These
data indicate that the GRE within themiR1–1 upstream region
is required for Dex- and GR-mediated regulation of miR1–1
expression. To support these findings we performed EMSA to
assess for binding of GR to the mousemiR1–1 promoter. Elec-
trophoretic mobility shift assay (EMSA) was performed with
nuclear extracts from Dex-treated C2C12 myotubes using oli-
gonucleotides specific for the GRE within the mouse miR1–1
promoter as a probe. A band shift was observed upon incuba-
tion of the probe with the nuclear extract, which was further
enhanced upon Dex treatment (Fig. 2J). In addition, the band
shift disappeared when unlabeled oligos were added (Fig. 2K)
and a supershift was observed upon addition of anti-GR anti-
body (Fig. 2L), showing the specificity of interaction of the
miR1–1 GRE with GR present in the Dex-treated nuclear
extracts.
To establish that GR binds to GRE on themiR1–1 promoter

in vivo we performed ChIP analysis. C2C12 myotubes (differ-
entiated for 72 h) were treated with Dex and collected for ChIP
analysis. Chromatin immunoprecipitation was performed
using GR antibody, and DNA was isolated and purified. PCR
amplification of immunoprecipitated DNA indicates the bind-
ing of endogenousGR onGRE specific to themiR1–1 promoter
after Dex treatment (Fig. 2M).

To further confirm that GR was involved in Dex-mediated
up-regulation of miR1–1, we treated myotubes with the GR-
specific antagonist RU486 and assessed for miR1–1 expression
in response to treatment with Dex. Consistent with the above
findings, the increase in miR1–1 expression observed after Dex
treatment was reversed in myotubes treated with RU486 (Fig.
2N).
To determine whether exogenous Mstn treatment resulted

in enhanced GR nuclear translocation, we monitored for GR
nuclear localization in theC2C12myotubes treatedwithCMM.
Subsequent Western blot analysis revealed higher levels of GR
in nuclear extracts from CMM-treated C2C12 myotubes (Fig.
2O), indicating that addition of exogenous Mstn protein
induced GR nuclear translocation. These results indicate that
miR1 expression ismediated by bothMstn andGR duringDex-
mediated atrophy.
Inhibition of miR1 Reduces the Levels of Atrophy-related

Proteins—To antagonize miR1 we transfected C2C12 myo-
tubes with AntagomiR1, which specifically targets and
degrades miR1 thereby blocking miR1 function.
To validate efficacy of AntagomiR1 to inhibit miR1 expres-

sion, analysis of miR1 expression after AntagomiR1 transfec-
tion was conducted, which confirmed an �50% decrease in
miR1 expression in AntagomiR1-transfected myotubes when
compared with NS miR-transfected myotubes (Fig. 3F). How-
ever, after Dex treatment there was a 2-fold increase in miR1

4 H. Kukreti, K. Amuthavalli, A. Harikumar, S. Sathiyamoorthy, P. Z. Feng, R.
Anantharaj, S. L. K. Tan, S. Lokireddy, S. Bonala, S. Sriram, C. McFarlane, R.
Kambadur, and M. Sharma, unpublished data.
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expression in NSmiR-transfected C2C12myotubes but no sig-
nificant increase was observed in AntagomiR1-transfected
myotubes compared with the controls.

Interestingly, AntagomiR1-transfected myotubes appeared
to be hypertrophied when compared with control NS miR-
transfected myotubes (Fig. 3A). In addition, Dex treatment
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resulted in severe myotube atrophy in NS miR-transfected
myotubes but had a nonsignificant effect on AntagomiR1-
transfected myotubes (Fig. 3A). Quantification of the myotube
area and frequency distribution analysis of the data shows a
larger amount of larger myotubes upon AntagomiR1 transfec-
tion as compared with NS miR-transfected myotubes (Fig. 3B).
Frequency distribution analysis of themyotube area ofNSmiR-
transfected and Dex-treated myotubes shows a higher number
of smallermyotubes (�2500�m2) and a lower number of larger
myotubes (
4000 �m2) after Dex treatment (Fig. 3C) when
compared with the controls. However, Dex treatment of
AntagomiR1-transfectedmyotubes did not show such an effect
(Fig. 3D). Dex treatment of NS miR and AntagomiR1-trans-
fectedmyotubes shows a respective�34 and�14% decrease in
myotube area (Fig. 3E) The observed decrease in the myotube
area was significant (p � 0.005) in NS miR-transfected myo-
tubes indicating atrophy of these myotubes as compared with
the AntagomiR1-transfected myotubes (Fig. 3E). Consistently,
quantification data shows an�60% increase inmyotube area in
AntagomiR1-transfected myotubes as compared with NSmiR-
transfected myotubes (Fig. 3E) confirming hypertrophy.
To confirm the role ofmiR1 in atrophywe analyzed the levels

of phosphorylated AKT and FOXO3 in AntagomiR1-trans-
fectedDex-treated C2C12myotubes. SubsequentWestern blot
analysis revealed a significant decrease in the phosphorylation
level of both AKT and FOXO3 (pAKT/AKT and pFOXO3/
FOXO3) in the NS miR-transfected cells following Dex treat-
ment, however, a significant decrease in phosphorylation of
AKT and FOXO3 was not observed upon Dex treatment of
AntagomiR1-transfected (miR1 inhibited) C2C12 myotubes
(Fig. 3,G–I), confirming a role for miR1 in Dex-mediated mus-
cle atrophy. Because FOXO1/3 induces the expression of mus-
cle-specific E3 ligases, we performedWestern blot analysis and
as expected, increased MuRF1 and Atrogin-1 levels were
observed after Dex treatment (Fig. 3, G and J). Consistent with
the above results; the increase in MuRF1 and Atrogin-1

observed in response to Dex treatment was attenuated upon
Antagomir1-mediated inhibition of miR1 (Fig. 3, G and J).
miR1 Targets HSP70 during Dex-induced Muscle Atrophy—

As the data presented above supports a role for miR1 in muscle
atrophy we next wanted to identify potential gene targets of
miR1 during atrophy. Subsequent in silico analysis revealed
that the 3� UTR of the mouse HSP70 gene contained a miR1
complementary sequence (Fig. 3K). HSP70 is a 70-kDa heat
shock protein that has been shown to confer protection during
disuse and Dex-induced skeletal muscle atrophy (33, 34). To
investigate if HSP70 was targeted by miR1, first, the level of the
HSP70 protein in Dex-treated C2C12 myotubes was initially
determined, and as shown in Fig. 3, L andM, HSP70 levels were
decreased with Dex treatment, indicating that HSP70 may be
targeted by miR1 during Dex-mediated muscle atrophy. Sec-
ond, the miR1 expression vector was transfected in C2C12
myoblasts, then the cells were allowed to differentiate for 72 h
and HSP70 levels were estimated. HSP70 levels were found to
be decreased (Fig. 3, N and O) in miR1-transfected cells as
compared with empty vector-transfected cells. However, this
decrease in HSP70 was rescued with addition of AntagomiR1
confirming that miR1 was responsible for down-regulation of
HSP70 (Fig. 3, N and O). To further demonstrate that HSP70
was targeted bymiR1we assessed the levels ofHSP70 inNSmiR
orAntagomiR1-transfectedC2C12myotubes treatedwithDex.
Subsequent Western blot analysis revealed that Dex-mediated
reduction of HSP70 levels was blocked in C2C12 myotubes
transfected with AntagomiR1 (Fig. 3,G and J), thus confirming
a direct role for miR1 in loss of HSP70 during Dex-induced
muscle atrophy.
In addition, we further cloned a wild type and mutated form

of the miR1 seed sequence, present in the 3� UTR of the mouse
Hsp70 gene, into the pMIR reporter vector and co-transfected
together with a miR1 expression vector into C2C12 myoblasts.
A decrease in pMIR reporter activity was observed in 72-h dif-
ferentiated C2C12 myoblasts co-transfected with the wild type

FIGURE 2. miR1–1 is transcriptionally regulated by Mstn and GR during Dex-mediated muscle atrophy. A, Western blot analysis of Mstn protein levels in
control (Ethanol) and Dex-treated C2C12 myotubes. The level of GAPDH was measured as a loading control. B, real time qPCR analysis of miR1–1 primary
transcript expression in conditioned CHO media (CCM) and conditioned Mstn media (CMM)-treated C2C12 myotubes at 6- and 24-h time points. Relative gene
expression analysis was performed using the ��CT method and was normalized to U6 RNA expression. The graphs depict fold-differences relative to controls
at each time point. Values are mean � S.E. (n 	 3); **, p � 0.01. C, Northern blot analysis of miR1 expression in BF muscle from WT (lanes 1 and 2) and Mstn�/�

mice (lanes 3 and 4) following either saline or Dex injection. The expression of U6 was measured as the loading control. D, corresponding densitometric analysis
of miR1 levels in WT and Mstn�/� muscle following injection of either saline or Dex. Error bars represent mean � S.E. (n 	 3, **, p � 0.01). E, representative graph
showing real time qPCR analysis of miR1–1 primary transcript expression in C2C12 myotubes treated with ethanol, Dex, or Dex � Ant1. Values are mean � S.E.
(n 	 3) and are expressed as fold-differences relative to ethanol-treated controls; **, p � 0.01. F, Western blot analysis of GR levels in nuclear extracts from
control (Ethanol) and Dex-treated C2C12 myotubes. Ponceau S staining was performed to ensure equal loading. G, schematic representation of the miR1–1
promoter showing the location and sequence of the GRE in the miR1–1 upstream enhancer sequence (top). The middle and bottom schematics represent the
miR1–1/pGL3b promoter-reporter constructs with and without GRE, respectively. H, assessment of miR1–1 promoter-reporter activity during differentiation of
C2C12 myoblasts into myotubes transfected with PC1 or empty vector control (pGL3b). miR1–1 promoter-reporter activity was normalized to Renilla luciferase
and expressed as relative luminescence units (RLU). Each bar represents the mean � S.E. (n 	 3); **, p � 0.01. I, assessment of miR1–1 promoter-reporter activity
in 72-h differentiated C2C12 myoblasts co-transfected with GR expression vector or empty vector and PC1, PC2, or empty vector control (pGL3b). miR1–1
promoter-reporter activity was normalized to Renilla luciferase and expressed as relative luminescence . Each bar represents the mean � S.E. (n 	 3); ***, p �
0.001. J, electrophoretic mobility shift assay (EMSA) with nuclear extracts from C2C12 myotubes treated with Dex for 6 h using oligonucleotides specific for the
GRE within the mouse miR1–1 promoter as a probe. A band shift was noted after the addition of the nuclear extract and was enhanced in the presence of Dex.
Lane 1 is the free oligo control and lanes 2 and 3 reveal the shifted band in control (Ethanol) and Dex-treated myotubes, respectively. K, EMSA with nuclear
extracts from C2C12 myotubes treated with Dex for 6 h using oligonucleotides specific for the GRE within the mouse miR1–1 promoter as a probe together with
competition oligos (unlabeled primers). A band shift was noted after the addition of the nuclear extract and was decreased in a dose-dependent manner upon
addition of competition oligos (lanes 2– 4). L, EMSA with nuclear extracts from C2C12 myotubes treated with Dex for 6 h using oligonucleotides specific for the
GRE within the mouse miR1–1 promoter as a probe together with anti-GR antibody. The supershift upon the addition of anti-GR antibody confirmed the
interaction of GR with the GRE in the mouse miR1–1 promoter upon Dex treatment (lanes 2 and 3). M, image of agarose gel depicting the interaction of
endogenous GR with endogenous miR1–1 promoter in C2C12 myotubes when treated with 100 �M Dex as analyzed through ChIP. N, real time qPCR analysis
of miR1–1 primary transcript expression in ethanol, Dex, and Dex � RU486-treated C2C12 myotubes. The graph displays the fold-change in miR1–1 expression
relative to ethanol treated controls. Values are mean � S.E. (n 	 3); **, p � 0.01. O, Western blot analysis of GR levels in nuclear extracts from conditioned CHO
media (CCM)- and CMM-treated C2C12 myotubes.
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reporter and miR1 expression vector; however, this decrease
was not observed in 72-h differentiated myoblasts co-trans-
fected with the mutant pMIR reporter and miR1 expression
vector (Fig. 3P). These data confirm thatmiR1 targets HSP70 in
differentiated myoblasts.
Inhibition of HSP70 Resulted in Increased GRNuclear Trans-

location, Up-regulated miR1, and Enhanced Levels of Atrophy-
related Proteins—The above results confirm that increased
miR1 levels lead to reduced HSP70, hypophosphorylation of
AKT and FOXO3, and increased MuRF1 and Atrogin-1. To
confirm whether or not reduced HSP70, independent of miR1,
would also result in similar changes, we inhibited HSP70 with
VER155008, a previously characterized inhibitor ofHSP70 (26),
in C2C12myotubes. Inhibition of HSP70 resulted in a decrease
in abundance of phosphorylated FOXO3andAKT (Fig. 4,A–C)
with an increase of VER155008 concentration. In addition, the
levels of MuRF1 and Atrogin-1 were elevated in response to
VER155008-mediated inhibition of HSP70 (Fig. 4, D–F), sug-
gesting that loss of HSP70 leads to up-regulation of atrophy-
relatedmarkers. In agreementwith this, wenoted anobservable
myotube atrophy (thinning of myotubes) following inhibition
of HSP70 in C2C12 myotubes (Fig. 4G). Quantification of the
myotube area reveals a decrease inmyotube area after HSP70
inhibition (Fig. 4,H and I) signifying atrophy. Fig. 4, J–L, also
shows a similar atrophy when C2C12 myotubes were treated
with Dex. Because miR1 reduces HSP70 levels, we further
hypothesized that this decrease in HSP70 may lead to
increased GR translocation to the nucleus, which would fur-
ther up-regulate miR1. To prove this hypothesis, we ana-
lyzed the nuclear translocation of GR in VER155008-treated
C2C12 myotubes. As can be seen in Fig. 4, M and N, inhibi-
tion of HSP70 resulted in a dose-dependent increase in
nuclear translocation of GR.Moreover, miR1 expression was
also increased in VER155008-mediated inhibition of HSP70
(Fig. 4O). Based on these results we conclude that there is
positive feedforward inhibition of HSP70 by miR1, because
inhibition of HSP70 resulted in enhanced nuclear transloca-
tion of GR, which would result in induction of miR1 expres-
sion and further inhibition of HSP70.

pAKTAssociationwithHSP70 Is Blocked duringDex-induced
Muscle Atrophy—Recently, Kayama et al. (42) reported that
association of HSP70 with pAKT prevents pAKT dephosphor-
ylation in the retina. Because the maintenance of AKT phos-
phorylation is critical in preventing muscle atrophy, we pre-
dicted that miR1-mediated reduction of HSP70 would result in
hypophosphorylation of AKT and myotube atrophy. To prove
this, we analyzed pAKT by co-immunoprecipitation, using an
anti-pAKT-specific antibody, with HSP70. Co-immunopre-
cipitation confirmed that there was a direct interaction
between pAKTandHSP70 in skeletalmuscle (Fig. 4P). Further-
more, we noted that after Dex treatment the amount of both
HSP70 and AKT in association with each other decreases as
compared with the saline-treated controls (Fig. 4, P and Q).
These results are consistent with the increased miR1 that can
target and degrade HSP70 leading to a decrease in HSP70 after
Dex treatment (Fig. 6,A andD). The reduced amount of HSP70
might bind to a lesser amount of pAKT thereby causing the
dephosphorylation of the unassociated pAKT, and reducing the
phosphorylation of AKT (Fig. 6, A and C).
Overexpression of HSP70 during Dex-induced Atrophy

Resulted in Rescue of Enhanced Levels of Atrophy-related
Proteins—The above results show that inhibition of HSP70
causes atrophy similar to Dex-mediated atrophy. Here we
confirm the importance of HSP70 in Dex-mediated atrophy
by overexpressing HSP70 in C2C12 myotubes treated with
Dex. Empty vector or HSP70 expression plasmids were
transfected in C2C12 myoblasts and were allowed to differ-
entiate for 72 h followed by 24 h of ethanol or Dex treatments
and collection of RNA and protein. We observed that there
was a significant increase in the level of miR1 after Dex treat-
ment in empty vector-transfected myotubes, however, no
such increase was observed after Dex treatment in myotubes
transfected with HSP70 expression plasmid (Fig. 5A). Fur-
thermore, Western blot results revealed a decrease in phos-
phorylation of both FOXO3 and AKT (Fig. 5, B–D) and an
increase in MURF1 and Atrogin-1 (Fig. 5, B and E) in empty
vector-transfected Dex-treated C2C12 myotubes as com-
pared with ethanol-treated controls. There was no signifi-
cant decrease in the phosphorylation of both FOXO3 and

FIGURE 3. miR1 targets HSP70 during Dex-mediated muscle atrophy. A, representative images of C2C12 myoblast differentiated for 72 h and transfected
with AntagomiR1 or NS miR followed by 100 �M Dex or ethanol treatments for 24 h. Myotube cultures were fixed and stained with Gill’s hematoxylin and eosin.
Scale bar represents 100 �m. B, the graph showing frequency distribution of myotube area (�m2) for AntagomiR1 and NS miR transfected C2C12 myotubes
from ethanol-treated controls (n 	 3). C and D, the graphs show frequency distribution of myotube area (�m2) of ethanol- or Dex-treated NS miR and
AntagomiR1-transfected C2C12 myotubes (n 	 3). E, the graph represents the average myotube area (�m2) of NS miR or AntagomiR1 transfected and Dex- or
ethanol-treated C2C12 myotubes quantified from 10 random images in triplicate per treatment. Values represent mean � S.E. (n 	 3); **, p � 0.01. F, real time
quantitative PCR analysis of miR1 expression in mRNA extracted from NS miR- and AntagomiR1-transfected C2C12 myotubes. Values are mean � S.E. (n 	 3)
expressed as fold-difference relative to NS miR-transfected controls; **, p � 0.01. G, Western blot analysis of HSP70, pFOXO3, FOXO3, pAKT, AKT, MuRF1, and
Atrogin-1 protein levels in NS miR- and AntagomiR1-transfected C2C12 myotubes treated with ethanol or Dex. The level of GAPDH was measured as a loading
control. H and I, corresponding densitometric analysis of the levels of phosphorylated FOXO3 and AKT, expressed as a percentage of total FOXO3 and AKT,
respectively, in NS miR- and AntagomiR1-transfected C2C12 myotubes following treatment with ethanol or Dex. J, corresponding densitometric analysis of the
levels of HSP70, MuRF1, and Atrogin-1 in NS miR- and AntagomiR1-transfected C2C12 myotubes, following treatment with ethanol or Dex. Values represent
mean � S.E. (n 	 3); *, p � 0.05. K, bioinformatics analysis, using RNAhybrid version 2.0, showing the complementary miR1 sequence in the murine Hsp70 gene.
The matched base pairs are in bold and connected by a vertical line, and the G:U/U:G wobble is indicated by bold letters connected by dots. L, Western blot analysis
of HSP70 levels in C2C12 myotubes treated for 24 h with Dex. GAPDH was used as the loading control. M, densitometric analysis of HSP70 protein levels in
Dex-treated C2C12 myotubes; **, p � 0.01. N, Western blot analysis of HSP70 levels in C2C12 myotubes transfected with miR1 expression vector, empty vector,
and miR1 expression vector with AntagomiR1. GAPDH was used as the loading control. O, densitometric analysis of HSP70 protein levels in 72-h differentiated
myoblasts transfected with miR1 expression vector, empty vector, and miR1 expression vector with AntagomiR1; **, p � 0.01. P, assessment of pMIR reporter
activity in C2C12 myotubes following overexpression of miR1. C2C12 myoblasts were co-transfected with a miR1 expression vector or empty vector and the
pMIR reporter construct containing either a wild type (WT) or mutated (MT) miR1 seed sequence from the murine Hsp70 gene. pMIR reporter activity was
normalized to Renilla luciferase and expressed as relative luminescence units (RLU). Each bar represents the mean � S.E. (n 	 3); *, p � 0.05.
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AKT (Fig. 5, B–D) in HSP70 overexpressing Dex-treated
C2C12 myotubes as compared with ethanol-treated con-
trols. Also, the increase in the level of MURF1 and Atrogin-1

after Dex treatment was rescued in HSP70 overexpressing
C2C12 myotubes (Fig. 5, B and E). These results confirm the
role of HSP70 in Dex-mediated atrophy.

FIGURE 4. Inhibition of HSP70 results in decreased AKT and FOXO3 phosphorylation and enhanced myotube atrophy. A, Western blot analysis of
pFOXO3, FOXO3, pAKT, and AKT protein levels in C2C12 myotubes treated without (dimethyl sulfoxide; DMSO) or with increasing concentrations (10 and 20
�M) of HSP70 antagonist (VER155008). The level of GAPDH was measured as a loading control. B and C, corresponding densitometric analysis of the levels of
phosphorylated FOXO3 and AKT, expressed as a percentage of total FOXO3 and AKT, respectively, in control (DMSO) and VER155008-treated C2C12 myotubes.
Values represent mean � S.E. (n 	 3); *, p � 0.05, and **, p � 0.01. D, Western blot analysis of MuRF1 and Atrogin-1 protein levels in control (DMSO) or
VER155008-treated C2C12 myotubes. The level of GAPDH was measured as a loading control. E and F, corresponding densitometric analysis of the levels of
Atrogin-1 and MuRF1 in control (DMSO) or VER155008-treated C2C12 myotubes. Values represent mean � S.E. (n 	 3); *, p � 0.05 with respect to DMSO-treated
controls. G, representative images of C2C12 myotubes treated with DMSO or 10 �M VER155008, fixed, and stained with Gill’s hematoxylin and eosin. Scale bar
represents 100 �m. H and I, the graphs show frequency distribution of the myotube area (�m2) (H) and average myotube area (�m2) (I) of DMSO- or
VER155008-treated C2C12 myotubes quantified from 10 random images in triplicate per treatment (n 	 3). Values represent mean � S.E. (n 	 3); **, p � 0.01.
J, representative images of C2C12 myotubes treated with ethanol or Dex, fixed, and stained with Gill’s hematoxylin and eosin. The scale bar represents 100 �m.
K, the graph shows frequency distribution of myotube area (�m2) of C2C12 myotubes treated with ethanol or Dex. L, the graph represents average myotube
area (�m2) of ethanol- or Dex-treated C2C12 myotubes quantified from 10 random images in triplicate per treatment. Values represent mean � S.E. (n 	 3); **,
p � 0.01. M, Western blot analysis of GR protein levels in nuclear extracts from C2C12 myotubes treated without (DMSO) or with increasing concentrations (10
and 20 �M) of VER155008. N, corresponding densitometric analysis of the levels of GR in C2C12 myotubes treated without (DMSO) or with increasing
concentrations (10 and 20 �M) of VER155008. Values represent mean � S.E. (n 	 3); *, p � 0.05 and **, p � 0.01 when compared with DMSO control. O, real time
quantitative PCR analysis of miR1 expression in control (DMSO) and VER155008-treated (10 and 20 �M) C2C12 myotubes. Values are fold-change mean � S.E.
(n 	 3) when compared with DMSO-treated controls, **, p � 0.01. P, pAKT is associated with HSP70 in skeletal muscle. Western blot analysis of HSP70 (top) and
pAKT (middle) co-immunoprecipitated with pAKT in protein lysates from BF muscle of saline and Dex-injected wild type mice. The level of �-tubulin was
measured in input fraction (bottom) to ensure an equal amount of protein was used for co-immunoprecipitation. Q, graph showing densitometric analysis of
HSP70 protein co-immunoprecipitated with pAKT antibody in BF muscle of saline- and Dex-treated WT mice. HSP70 densitometry values were normalized to
�-tubulin and pAKT values and are depicted as a percent decrease after Dex treatment. Data represent mean � S.E. (n 	 3); *, p � 0.05.

FIGURE 5. Overexpression of HSP70 during Dex-induced atrophy resulted in rescue of enhanced levels of atrophy-related proteins. A, real time qPCR
analysis of miR1 expression in mRNA extracted from empty vector or HSP70 expression plasmid-transfected C2C12 myotubes after ethanol or Dex treatments.
Values are mean � S.E. (n 	 3) expressed as fold-difference relative to empty vector-transfected controls, *, p � 0.05. B, Western blot analysis of pFOXO3,
FOXO3, pAKT, AKT, MuRF1, and Atrogin-1 protein levels in empty vector and HSP70 expression plasmid-transfected C2C12 myotubes treated with ethanol or
Dex. The level of GAPDH was measured as a loading control. C and D, corresponding densitometric analysis of the levels of phosphorylated FOXO3 and AKT,
expressed as a percentage of total FOXO3 and AKT, respectively, in empty vector or HSP70 expression plasmid-transfected C2C12 myotubes following
treatment with ethanol or Dex. E, corresponding densitometric analysis of the levels of MuRF1 and Atrogin-1 in empty vector or HSP70 expression plasmid-
transfected C2C12 myotubes, following treatment with ethanol or Dex. Values represent mean � S.E. (n 	 3); *, p � 0.05.
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Mstn Regulates Atrophy-related Genes through miR1 during
Dex-mediatedMuscle Atrophy—Consistent with previous pub-
lications (9, 11, 12), treatment with Dex resulted in reduced
phosphorylation of AKT (pAKT) and FOXO3 (pFOXO3) (Fig.
6,A–C) and increasedMuRF1 andAtrogin-1 expression (Fig. 6,
A and D). However, blockade of Mstn through Ant1 treatment
rescued pFOXO3 and pAKT levels and blocked the increase in
MuRF1 and Atrogin-1 levels observed in Dex-treated C2C12
myotubes (Fig. 6, A–D). Inhibition of Mstn, during Dex treat-
ment, also attenuated the induction of miR1 expression, con-

firming the involvement of Mstn signaling during Dex-medi-
ated atrophy (Fig. 2E). To confirm these findings, we also
checked the phosphorylation status of AKT and FOXO3 in BF
muscle from wild type andMstn�/� mice following Dex injec-
tions. As expected, we observed a decrease in the phosphory-
lation of AKT and FOXO3 in wild type mice following Dex
injection; however, no such decrease was observed inMstn�/�

mice upon injection with Dex (Fig. 6, E–G).
Next, we queried whether or not blockade ofMstnwith Ant1

would restore HSP70 levels in Dex-treated C2C12 myotubes.

FIGURE 6. Mstn regulates miR1 during Dex-mediated muscle atrophy. A, Western blot analysis of pFOXO3, FOXO3, HSP70, pAKT, AKT, MuRF1, and Atrogin-1
levels in whole cell lysates from C2C12 myotubes treated with Dex (lane 2) and Dex � Ant1 (lane 3), as compared with ethanol-treated controls (lane 1). The level
of GAPDH was measured as a loading control. B and C, corresponding densitometric analysis of the levels of phosphorylated FOXO3 and AKT, expressed as a
percentage of total FOXO3 and AKT, respectively. Error bars represent mean � S.E. (n 	 3); **, p � 0.01, and *, p � 0.05. D, representative graph showing
densitometric analysis of HSP70, MuRF1, and Atrogin-1 protein levels (normalized to GAPDH) in ethanol-, Dex-, and Dex � Ant1-treated C2C12 myotubes. Error
bars represent mean � S.E. (n 	 3); **, p � 0.01. E, Western blot analysis of pFOXO3, FOXO3, HSP70, pAKT, and AKT protein levels in BF muscle collected from
saline- or Dex-injected WT (lanes 1 and 2) and Mstn�/� (lanes 3 and 4) mice. The level of GAPDH was measured as a loading control. F and G, corresponding
densitometric analysis of the levels of phosphorylated FOXO3 and AKT, expressed as a percentage of total FOXO3 and AKT, respectively, in WT and Mstn�/�

mice after injection with saline or Dex. H, densitometric analysis of HSP70 protein levels in WT and Mstn�/� muscle from saline or Dex-injected mice; *, p � 0.05
and **, p � 0.01. Error bars represent mean � S.E. (n 	 3).
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SubsequentWestern blot analysis revealed that Ant1-mediated
inhibition ofMstn resulted in an increase inHSP70 abundance,
back to levels comparablewith control treatedmyotubes (Fig. 6,
A andD), further demonstrating an involvement ofMstn inDex
signaling during atrophy. As we are proposing that Dex-medi-
ated muscle atrophy also occurs in part through a mechanism
involving Mstn regulation of miR1 and HSP70, we determined
the levels of HSP70 in Mstn�/� mice after Dex treatment. As
shown in Fig. 6, E and H, higher levels of HSP70 were detected
in Mstn�/� muscle, as compared with WT muscle. Moreover,
Dex treatment failed to inhibit the levels of HSP70 to the same
degree in Mstn�/� muscle (32%), when compared with wild
type muscle (47%); in fact, the level of HSP70 in Dex-treated
Mstn�/� muscle was comparable with that observed in saline-
injected wild type muscle (Fig. 6, E and H).

DISCUSSION

MyomiRs have added a new tier of control to muscle gene
expression regulation. In particular, the MyomiR, miR1, has
been previously shown to regulate myoblast differentiation,
apoptosis, and load-induced skeletal muscle hypertrophy (19,
21, 35). Herein, we have elucidated a novel function formiR1 in
promoting the skeletal muscle atrophy associated withDex and
Mstn treatment (Fig. 7).

MyomiRs, miR133 and miR206, belong to the miR1 family
and like miR1, miR206 has been shown to induce differentia-
tion in C2C12 myoblasts (36). Conversely, miR133 was shown
to promote proliferation (19). In spite of their opposing myo-
genic roles, both miR1 and miR133a were shown to be down-
regulated during skeletal muscle hypertrophy (21). In line with
these observations, our results reveal that levels ofmiR133a and
miR206 were significantly elevated after Dex treatment of
C2C12 myotubes as compared with the controls (data not
shown). Thus, it appears that these myomiRs are regulated in a
different manner in nonphysiological versus physiological con-
ditions. In this studywe focused onmiR1, in particularmiR1–1,
although unpublished results4 also revealed up-regulated
miR1–2 expression inDex-treatedC2C12myotubes suggesting
that bothmiR1–1 andmiR1–2 contribute to total maturemiR1
levels. Several lines of evidence presented here indicate that
Dex directly induces the expression of miR1. In particular,
alongwithmiR1–1, we also analyzed themiR1–2 promoter and
identified a GRE, 1748 bp upstream of the miR1–2 coding
sequences. The presence of a GRE in upstream sequences of
both miR1–1 and miR1–2 is indicative of a role for GR-medi-
ated regulation ofmiR1 inDex induced atrophy. In addition, we
also observed blockade of the GR-mediated increase inmiR1–1

FIGURE 7. Proposed mechanism behind Dex-induced miR1-mediated skeletal muscle atrophy. Dex activates GR, which translocates to the nucleus and
up-regulates miR1. Dex also up-regulates Mstn, which increases nuclear translocation of GR and miR1 expression. miR-1-mediated loss of HSP70 and enhanced
activation of GR leads to further up-regulation of miR1 expression. Thus, increased miR1 expression may feedforward to further enhance its own expression.
The reduced levels of HSP70 observed following Dex and Mstn treatment would further exacerbate skeletal muscle atrophy by decreasing phosphorylation of
AKT, which results in activation of downstream proteosomal signaling components, such as FOXO3, MuRF1, and Atrogin-1. Arrows represent stimulation and
blunt-ended lines represent inhibition.
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promoter-reporter activity in 72-h differentiatedmyoblasts co-
transfected with the GRE-truncated miR1 promoter construct
(where the GRE has been removed) and GR expression vector
(Fig. 2I). Furthermore, EMSA and ChIP analyses confirmed
that GRwas able to directly bind to the GREwithin themiR1–1
promoter region in response to Dex treatment (Fig. 2, J–M).
Consistent with the above hypothesis, inhibition of miR1

resulted in observable myotube hypertrophy (Fig. 3, A and B),
which is in agreement with previous reports demonstrating a
reduction in miR1 expression during cardiac and skeletal muscle
hypertrophy (21, 22). MicroRNAs act by base pairing to comple-
mentary sequenceswithin the 3�UTRof targetmRNAs and either
inhibit translation or promote mRNA degradation. Previously
published reports have identified Igf-1mRNAas one of the targets
of miR1 in cardiac and skeletal muscle (21, 22). Given the role of
IGF-1 in hypertrophy of skeletal (12) and cardiac muscle (37) and
inhibition of atrophy through enhancingAKT signaling (12), Igf-1
mRNA may be targeted by miR1 in response to Dex and Mstn
treatments. However, in silico analysis of potential targets ofmiR1
revealed that HSP70may be targeted by miR1 in response to Dex
treatment. In support, reduced levels of HSP70 were observed in
Dex-treatedmyotubes and skeletalmuscle, concomitant with ele-
vated miR1 expression. This result was corroborated byWestern
blotdata showingadecrease inHSP70 inmiR1-transfectedC2C12
myotubes when compared with control myotubes and through
the fact that HSP70 levels in the myotubes were restored by addi-
tion of AntagomiR1 (Fig. 3N). Furthermore, a rescue of pMIR
reporter activitywas observed in 72-hdifferentiatedmyoblasts co-
transfectedwith themutatedHsp70 genemiR1 seed sequence and
miR1 expression vector, when compared with the 72-h differenti-
atedmyoblasts co-transfectedwith theWTHsp70genemiR1seed
sequence and miR1 expression vector (Fig. 3P). Taken together,
these results show that HSP70 is a bona fide target of miR1 and
thus itwas speculated thatmiR1 targets and repressesHSP70dur-
ing Dex andMstn induced atrophy.
HSP70 is one of the most important members of heat shock

protein family. HSP70 is a constitutively active, cytoprotective
protein, which acts like a molecular chaperone and is elevated
during cellular stress in skeletal muscle. In fact, previously pub-
lished reports revealed that overexpression of HSP70 in mouse
skeletalmuscle protects againstmuscle damage and age-related
muscle dysfunction (38, 39). In contrast, decreased HSP70 lev-
els have been shown to contribute to the pathogenicity of mul-
tiple models of skeletal muscle atrophy (40). Mechanistically,
HSP70 has been shown to directly regulate FOXO3 during dis-
usemuscle atrophy and overexpression of HSP70was shown to
reduceMuRF1 and Atrogin-1 promoter activity (34, 41). In the
present study we observed down-regulation of HSP70 in Dex-
treated samples, concomitant with a decrease in the levels of
phosphorylated AKT and FOXO3, indicating that the reduced
levels of HSP70 detected following Dex treatment may be
responsible for hypophosphorylation of bothAKTandFOXO3.
Consistent with this, VER155008-mediated inhibition of
HSP70 resulted in reduced phosphorylation of AKT and
FOXO3 and myotubular atrophy (Fig. 4, A–C and G–I). A
recent publication by Senf et al. (41) revealed that HSP70 reg-
ulates FOXO3 through both AKT-dependent and -independ-
entmechanisms. Here, we observed changes in both pAKT and

pFOXO3 in response to HSP70 inhibition. Furthermore, we
noted that in BF muscle after Dex treatment the amount of
HSP70 associated with pAKT decreased, when compared with
the saline-treated controls (Fig. 4, P and Q), suggesting that
miR1-mediated inhibition of HSP70 may result in the dephos-
phorylation of AKT observed following Dex treatment. In sup-
port, a recent study by Kayama et al. (42) revealed that HSP70
binds to pAKT in mouse retina and prevents AKT dephos-
phorylation. Thus, we propose that one of the mechanisms by
which Dex-induced skeletal muscle atrophy occurs is through
miR1-mediated down-regulation of HSP70. Dephosphory-
lation of FOXO3 results in FOXO3 activation/nuclear translo-
cation, up-regulation of FOXO3 downstream target genes,
including MuRF1 and Atrogin-1, and the development of skel-
etal muscle atrophy (11). Blockade of HSP70 also resulted in
dephosphorylation of FOXO3 and increased levels of MuRF1
and Atrogin-1, suggesting a role for HSP70 in regulation of
Atrogin-1 and MuRF1 levels. Role of HSP70 in Dex-mediated
atrophy was further confirmed in HSP70 overexpressing
C2C12 myotubes treated with Dex. Reduced phosphorylation
of AKT and FOXO3; and increased MURF1 and Atrogin-1 in
Dex-treated C2C12 myotubes were rescued in HSP70 overex-
pressing myotubes (Fig. 5, B–E). Indeed, inhibition of miR1
through AntagomiR1 treatment also rescued the levels of
HSP70, pAKT, and pFOXO3 and reduced the levels of both
MuRF1 and Atrogin-1 during Dex-induced muscle atrophy. It
is important to mention that although previous reports have
shown that both Dex and Mstn treatments resulted in reduced
AKT phosphorylation (12, 14), we have shown here for the first
time the involvement of miR1 and HSP70 in Dex- and Mstn-
mediated inhibition of AKT phosphorylation
Another mechanism by which HSP70 can offer resistance to

atrophy is through associating directly with GR in the cyto-
plasm (43) thereby preventing nuclear translocation of GR.
Therefore, if miR1 was responsible for reducing the levels of
HSP70 during Dex-induced atrophy then increased nuclear
localization of GR would be expected. Our results confirm that
with inhibition of HSP70 there was a dose-dependent increase
in nuclear translocation of GR and concomitant up-regulation
ofmiR1, whichwe proposewould in turn further reduceHSP70
levels. With respect to this we propose a feedforward mecha-
nism during Dex-mediated atrophy, whereby increased miR1
expression and enhanced nuclear localization of GR would
result in further up-regulation ofmiR1 and reduction ofHSP70.
Dex is also known to up-regulate Mstn, at the transcription

level, through putative GREs located within the Mstn promoter
region (15, 44) and post-transcriptionally through miR-27 (45).
Results presented here show up-regulation of Mstn in C2C12
myotubes uponDex treatment (Fig. 2A). Importantly Ant1-medi-
ated blockade of Mstn rescued the levels of phosphorylated AKT
andFOXO3 followingDex treatment (Fig. 6,A–C). These data are
in agreement with previously published results from Gilson et al.
(16), which demonstrated that deletion of themyostatin gene pre-
vents glucocorticoid-induced muscle atrophy. Interestingly, we
noted that inhibition of Mstn during Dex treatment of C2C12
myotubes not only blunted the expression of atrophy-related
genes but alsomiR1, thereby supporting a role forMstn in regula-
tion of miR1 during Dex-induced atrophy.
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In addition to cell culture data, we also confirmed the above
findings in vivo, by injecting WT and Mstn�/� mice with Dex
and assessing the expression of miR1 through Northern blot
analysis. Our results confirmed elevated expression of miR1 in
WTmice, following Dex injection.We did not observe a signif-
icant difference in the expression of miR1 between saline-
treated WT or saline-treated Mstn�/� muscle and even after
Dex treatment miR1 levels were comparable with saline-in-
jected controls in Mstn�/� mice (Fig. 2, C and D). A previous
study by Rachagani et al. (46) has shown that myomiRs, miR1,
miR133, and miR206, were up-regulated in the pectoralis mus-
cle of Mstn�/� mice (46). It is plausible that in our study only
nonsignificant differences were observed in mature miR1
expression inMstn�/� mice muscle, when compared withWT
muscle. This may be due to the fact that we used Northern
blotting to detect mature miR1, whereas Rachagani et al. (46)
used real-timePCR,whichmight bemore sensitive thanNorth-
ern blotting to detect the differences in miR1 expression
between Mstn�/� and WT muscle. Our results also show that
Mstn�/� muscle had higher levels of HSP70 as compared with
WT muscle. However, upon Dex treatment in Mstn�/� mice
the levels of HSP70 decreased to untreatedWT levels (Fig. 6, E
and H). It can be speculated that due to genetic deletion of the
Mstn gene,Mstn independentmechanismsmay be in place that
modify the levels of HSP70 in Mstn�/� mice during Dex
treatment.
Taken together these findings prove that Mstn also plays a

role in Dex-mediated up-regulation of miR1. As Dex-mediated
induction ofmiR1 expression occurred through transcriptional
activation of GR, we thus reasoned thatMstnmay also promote
up-regulation ofmiR1 by enhancing nuclear localization of GR.
Indeed our results showed for the first time that Mstn treat-
ment resulted in increased nuclear localization of GR.
In conclusion, here we report a novel miR1-mediated mech-

anism through which Dex and Mstn induce skeletal muscle
atrophy.We demonstrate that both excess Dex andMstn led to
activation of GR and increased miR1 expression. We also sug-
gest that increasedmiR1 expressionmay feedforward to further
enhance its own expression. Most certainly, increased miR1
was shown to promote loss of HSP70, which normally blocks
GR activation via associating with GR in the cytoplasm. Subse-
quent miR-1-mediated loss of HSP70 and enhanced activation
of GRwould thus lead to further up-regulation of miR1 expres-
sion. In addition, the reduced levels of HSP70 observed follow-
ing Dex andMstn treatments would further exacerbate skeletal
muscle atrophy by decreasing phosphorylation of AKT, which
results in activation of downstream proteosomal signaling
components, such as FOXO3, MuRF1, and Atrogin-1.
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